Discontinuities of T4 DNA which are caused by excision of UV-damaged areas, by decay of 32p atoms, or which are present in DNA from rII-lig.m-phage produced in a host nonpermissive for amber mutants are all repaired by bacterial enzymes after infection in the presence of chloramphenicol. Escherichia coli DNA polymerase I participates in the host-mediated repair, but an approximately 20-fold variation in the levels of host polynucleotide ligase does not affect either the kinetics or the extent of repair observed. Upon removal of chloramphenicol, host-repaired DNA from UV-irradiated phage undergoes a secondary cycle of breakage, which ultimately results in solubilization of most of the phage DNA. If the cells are co-infected with nonirradiated helper phage, the secondary breaks are repaired and the continuity of the polynucleotide chain is restored. The close coincidence in the extent of primary and secondary breakage suggests that phage-coded enzymes recognize and excise areas improperly repaired by the host. In contrast to host-mediated repair, repair mediated by rescuing phage probably restored functionality to the damaged DNA.
Although bacteriophage T4, after infection of bacterial cells, codes for a number of enzymes involved in its DNA metabolism (review in reference 19) , it is quite possible that some of the enzymes involved in this process may be injected into the cell together with the phage DNA upon infection or be of bacterial origin. This possibility was explored by Kozinski and Lorkiewicz in 1967 in a study of intracellular breakage and repair of UV-damaged DNA (15) . ("Break" and "breakage" refer to singlestranded discontinuities in DNA with no implications to the nature and size of this discontinuity. "Repair" refers to the restoration of integrity of broken DNA.) The authors found that when the synthesis of new proteins was inhibited by the addition of chloramphenicol (CM) shortly before infection, DNA from UVirradiated phage acquired single-standed interruptions shortly after infection. (DNA of the radiation-sensitive mutant V, [11] did not acquire such breaks.) The broken strands were subsequently repaired to full integrity, still in the presence of CM. The results were interpreted to indicate that bacterial enzymes performed both breakage and repair. I Kozinski, J. Virol., in press ). This enzyme is the product of the v gene in T4, is found in the mature phage, and has endonucleolytic activity specific for UV-damages when assayed in vitro (C. J. Castillo, Ph.D. thesis, University of Pennsylvania, in preparation).
The objective of the present communication is to characterize the repair event following breakage. Evidence will be presented showing that several different types of damage in phage DNA can be repaired, and that the enzymes responsible for the restoration of integrity are of bacterial origin. Escherichia coli DNA polymerase I participates in this function, but a 20-fold variation in the levels of bacterial polynucleotide ligase does not affect either kinetics or extent of repair. The host-repaired DNA from UV-damaged phage is genetically incompetent, and only a second round of phage-directed excision repair restores functionality to the damaged DNA.
The bacteriophages used were T4BO,r, an osmotic shock-resistant mutant, and T4D r59 H39X, an rII-ligam-double mutant (2).
Phage preparation. Methods for preparing radioactive phage have been described (15, 16 (15) corresponding to the number of lethal hits (17) . These nicks are repaired upon prolonged incubation (15) . To test the generality of such repair, we prepared phages with different types of interruptions in their DNA.
(i) Breaks in DNA due to 32P-Decay. Litwin et al. (17) showed that there is a one-to-one relationship between the number of decayed 32P atoms and the number of resulting singlestranded interruptions, which indicates that there is a chain break adjacent to the decayed 32p.
Decayed phage were prepared by allowing 32P-labeled phage (specific activity 20 mCi of phosphorus per mg to age in 3 x D medium. Such phage acquired a number of singlestranded breaks (Fig. 1A ). Bacteria were infected (MOI 1) with the decayed phage in the presence of CM. Thirty minutes later the integrity of the phage DNA was analyzed (Fig. 1B) . Most of the radioactivity now coincided fairly well with the integral reference. This indicates that discontinuities due to 32p decay can be repaired.
(ii) Discontinuities in DNA from rll-ligam-B phage. In a bacterial host nonpermissive for amber mutants, partial suppression of the amber ligase mutation by rII mutations allows the production of mature phages (2, 7, 13). Such phages, however, contain discontinuous DNA (2). The nature of these discontinuities is not known. To obtain information about this, we tested the repair of such discontinuous DNA in vitro by subjecting the DNA to repairing enzymes. DNA extracted from rII-ligam-.B phage ( Fig. 2A , insert) was incubated with T4 polynucleotide ligase or a combination of both ligase and T4 DNA polymerase. It was expected that a simple break not involving loss of nucleotides should be repaired by ligase alone, whereas a combination of the two enzymes would be required if the break consisted of gaps in the polynucleotide chain. Samples were then subjected to alkaline sucrose gradient analysis. Ligase alone ( of repair (Fig. 2B ). This result indicates that the discontinuities in rII-ligam-.B DNA are gaps, not nicks, requiring both repair synthesis and sealing.
The extent of in vivo repair of this same phage DNA was tested upon infection of E. coli B (MOI 3) in the presence of CM. Intracellular DNA was analyzed on alkaline sucrose gradients ( Fig. 2C and D (12) . Both a 5' to 3' and a 3' to 5' exonuclease are firmly associated with polI; the combination of exonuclease and polymerase activities in the purified enzyme will excise and repair UV-damaged DNA in vitro (14) . These findings all suggest a role of polI in repair synthesis and not in replication per se. The involvement of polI and ligase in the repair of damaged phage DNA was tested in experiments analogous to those described above.
Ligase mutants. Two types of ligase mutants in E. coli characterized by Gellert (9) and their parental strain were scrutinized: N1323, which overproduces ligase, N953 producing normal amounts, and N1325 which is deficient in polynucleotide ligase. The ligase levels differ at least 20-fold between the overproducer and the deficient strain (9) . Intracellular repair of DNA from UV-irradiated phage is illustrated in Fig.  3 . Neither deficiency (Fig. 3E , F, G, and H) nor overproduction (Fig. 31 , J, K, 1) affected either the extent or the kinetics of repair of UVdamaged DNA. The same was true for repair of breaks due to 32P decay and for breaks in rll-ligag-.B DNA (data not shown).
DNA polymerase I mutant. Similar experiments were performed with bacteria deficient in polI (Fig. 4) . Deficiency in polI impaired the repair process. While similar extent of initial breakage of UV-damaged DNA was found in both the poll-deficient strain and in a spontaneous polI+ revertant thereof ( Fig. 4A and D) , subsequent restoration of strand integrity was less efficient in polA-cells (Fig. 4B, C , E, and F). Even 60 min of incubation in the presence of CM did not restore the integrity in polA-cells (cf. Fig. 4C and F 24) . If the same is true for UV excisions in T4 DNA (23), the filling of such gaps would lead to insertion of cytosine instead of hydroxymethylcytosine (HMC) (since phage enzymes required to synthesize HMC and glucosylate it are not produced in the presence of CM). Phage-coded excision (and repair) enzymes may be able to recognize such inadequately repaired areas of the DNA. If this were the case, expression of phage functions after removal of CM from the culture may result in a second round of excision and possibly repair. This was tested in the following experiment. A culture of B23 was divided into two parts. One part was infected with 32P-labeled, UV-irradiated T4 phage (MOI 0.1), and the second part was mixedly infected with the same UV-irradiated phage (MOI 0.1) and nonirradiated helper phage (MOI 3). CM was added to both parts at the moment of infection. Sixty minutes later the infected bacteria were sedimented and resuspended in fresh medium without CM, and incubation was continued. Figure 5 shows alkaline sucrose gradient analysis of samples from the mixedly infected culture at different times after infection. Prompt nicking occurs at 3 min after infection (Fig. 5A) , and repair in the polynucleotide chain has occurred by 60 min (Fig. 5B) . Twenty minutes after the removal of CM, the DNA repaired by the host has undergone a second cycle of nicking (compare Fig. 5C and A and note that the average DJ/Dl of secondarily nicked DNA is virtually identical). The patterns of distribution depicted in Fig. 5A , B, and C are, for all practical purposes, identical also for bacteria which were singly infected with UV-irradiated phage without any unirradiated helper phage (not documented here). Figure 5D represents the fate of DNA from UV-irradiated phage 100 min after infection together with helper phage and shows that there is secondary repair. This is a typical pattern only for the suspensions co-infected with rescuing cold, viable phage. In the case of infection with UVirradiated phage alone, there is no secondary repair, but gradual solubilization of DNA (up to 80% of the parental label, not documented here). In a typical experiment the secondary nicking is first detectable at 10 min after removal of CM, reaching its maximum at approximately 20 min after removal of CM. The close coincidence in the extents of primary and secondary nicking indicates that the phage enzymes may recognize excise and repair those areas that were previously subjected to hostmediated repair. This experiment also indicates 
DISCUSSION
Experiments documented here support our earlier conclusion that there is host-mediated repair of discontinuous phage DNA under conditions when the synthesis of phage-induced proteins is prevented. Physiological (rHIligam-.B) and physical (32P decay) discontinuities in phage DNA, as well as discontinuities inflicted upon the DNA after it has entered the cell (UV damage), are promptly repaired upon infection of E. coli B in the presence of CM. The three types of damage are quite different: rH-ligam-B phage DNA has singlestranded gaps, 32p decay causes a singlestranded nick where the newly exposed end may have an S terminus, which would be a rather unyielding candidate for repair, and UVirradiated phage have damaged DNA which is not discontinuous to begin with but becomes broken after infection of the cells.
It is possible that the repair itself it quite similar in all three cases. It has been shown that excision of UV-irradiated DNA both in vivo in E. coli (3, 24) and in vitro using purified E. coli polymerase I (14) or a mixture of T4 endonuclease I and T4 "excision enzyme" (23) results in the release of oligonucleotides in size exceeding a thymine-thymine dimer by 10 to 30 residues. The terminus at the nick arising due to 32P decay provides a very unusual substrate for repairing enzymes. It appears simpler to postulate that in this case repair is preceded by a preparatory, "editing" enzyme which recognizes that the DNA termini are somehow unusual, and excises adjacent nucleotides in "anticipation" of repair of the damage. Possibly, this excision of nucleotides may proceed by a similar mechanism as the UV excision, maybe utilizing the same enzyme(s). The discontinu- length, since the discontinuities are repairable only by a combination of DNA polymerase and ligase. In all three cases, then, repair may involve filling of a single-stranded gap.
Among several candidates for the role of bacterial repairing enzyme(s), DNA polymerase I and polynucleotide ligase attract special attention, being well characterized enzymes which have been shown to repair DNA discontinuities in vitro (18, 22, 25) . Our finding that deficiency in polI interferes with the repair of T4 DNA is well in line with the diminished repair activities in this strain reported from another laboratory (12) . Deficiency in polI has also been reported to interfere with replication and recombination of T4 DNA (21) . In some repetitions of our polA experiments (not documented here), some residual repair was observed, though this repair was significantly less than what was found in the pol+ revertant. The origin of the residual repair activity in the polImutant is not known. recA-bacteria lack ability to repair discontinuities in phage DNA (15) and are also UV sensitive (5). This suggests that the recA protein may be involved in the residual repair observed in polA-cells. It is of interest here to note that it is not possible to obtain a double mutant deficient in both recA and polA, suggesting that the two enzymes perform similar complementary functions (10).
More surprising was the discovery that neither deficiency nor overproduction of ligase affected the rate or extent of repair. The ligasedeficient mutant employed in this study shows increased UV sensitivity, suggesting impaired repair activity, although there is no effect on DNA replication or on the viability of the cells (9) . It is possible that the small amounts of ligase found in the ligase-deficient mutant are sufficient to "seal" the gaps in phage DNA once they are filled. Another possibility is that the "sealing" may be performed by a highly specialized, as yet undescribed ligating enzyme, or by the gap-filling enzyme itself.
It was shown by Kozinski and Lorkiewicz (15) that functionality can not be restored by the host-mediated repair of phage DNA. Experiments described in this paper provide an explanation for this observation. Upon removal of CM there is a secondary breakdown of UVirradiated, host-repaired phage DNA. The extent of this secondary breakdown coincides closely with that of the primary breakdown, and proceeds with an identical pattern both in singly and in mixedly (UV-damaged and non-UV-damaged phage) infected bacteria. After completion of the secondary round of nicking, secondary repair takes place, but only if the cells have been co-infected with non-UVdamaged "rescuer". In the absence of unirradiated helper phage the irradiated DNA is gradually solubilized. Thus, host-mediated repair not only did not improve the DNA, but actually proved very detrimental.
This suggests that secondary nicking and repair are caused by newly synthesized phagecoded enzymes which at first are able to recognize areas improperly repaired by the host enzyme(s) and then restore the damaged area to its integrity. The former, but not the latter, may be coded from UV-irradiated DNA. There are reasons to believe that viability is also restored, since it was demonstrated that the parental label of such rescued phage is being transferred to progeny phage as segments of parental strands which underwent semiconservative replication (E. Shahn, Ph.D. thesis, 1965, University of Pennsylvania, Philadelphia).
Stringent proof that the host-repaired areas are recognized, excised, and repaired by phage enzymes could be obtained if, for instance, 3H-TdR was incorporated during the host-mediated repair in CM. Upon removal of CM one should then observe solubilization of this 3H label coincidentally with the appearance of secondary breaks. However, after infection in the presence of CM most of the 3H-TdR uptake will go to bacterial DNA. This bacterial DNA synthesis, and the phage-mediated breakdown of labeled host DNA after removal of CM, would overshadow any label entering and being released from the repaired areas of the phage DNA.
